The mechanical behavior of hardening concrete is to a large extent determined by the evolving microstructure as a result of the hydration process. For traditional binder systems, consisting of Portland cement or blast furnace slag cement, the degree of hydration is known to be a fundamental parameter in this respect, enabling a detailed study and accurate prediction of the early-age mechanical behavior, including basic creep. Nowadays, in view of improved sustainability of cementitious materials, binder systems tend to become more complex, consisting of a blend of different powders. As the hydration process and microstructure development are influenced by the inclusion of powders into the binder, the question is raised whether the degree of hydration concept is still applicable to concrete based on complex blended binder systems. In this paper, some experimental results are summarized and the application to real structures is illustrated. Basic creep of hardening concrete with complex blended binders can still be modeled following the degree of hydration concept.
Introduction
The macroscopic or engineering properties of a structural element made in concrete depend to a large extent on the microstructure at the material's level. The mechanical behavior of concrete is depending on the microstructure as a result of the hydration process. In case of hardening concrete, this microstructure is continuously evolving, due to the ongoing hydration reactions, with continuous formation of hydration products. As the geometry and the properties of the microstructure depend on the amount of hydration products formed, it can easily be understood that the degree of hydration, describing the relative amount of cement that has already reacted, is an important parameter. The degree of hydration can be practically approximated and calculated by considering the heat of hydration. [1] In previous research, in case of traditional binder systems consisting of Portland cement or blast furnace slag cement, the degree of hydration is shown to be a fundamental parameter, enabling a detailed study and accurate prediction of the early-age mechanical behavior, including basic creep. [2] [3] [4] [5] [6] [7] [8] [9] Nowadays, in view of improved sustainability of cementitious materials, binder systems tend to become more complex, consisting of a blend of different powders. Where initially, waste powders have been incorporated in cementitious materials mainly because of environmental reasons, nowadays the sustainability pressure on concrete technology is more and more leading to a complete rethinking of the concept of cementitious binders. Portland clinker, waste materials, and natural powders of different type and nature are being combined in order to benefit from synergetic effects. This is also particularly true in case of powder-type selfcompacting concrete (SCC), where a higher powder content is needed to obtain stable mixes. As the hydration process and microstructure development are influenced by the inclusion of powders into the binder, [10] [11] [12] the question is raised whether the degree of hydration concept is still applicable to concrete based on complex blended binder systems. In this paper, some experimental results are summarized, and the application to real structures is illustrated.
Degree of hydration
The degree of hydration α(t) of a hardening cementitious material is giving information on the state of the hardening process, and can be defined as the fraction of cement C(t) that has already hydrated, relative to the initial amount of cement C 0 , as mathematically shown in Equation (1):
In a practical approximation, the degree of hydration can be estimated as the fraction of the heat of hydration that has been released, following Equation (2):
where Q(t) is the cumulated heat of hydration at time t, Q tot is the cumulated heat of hydration at completion of the hydration process, and q(t) is the heat production rate at time t. The total heat of hydration Q tot liberated after complete hydration is determined by the cement composition. For Portland cement, it can be estimated from the chemical composition by Bogue's formulas. However, no equivalent of Bogue's formulas exists for blast furnace slag cement, nor for complex blends of cement and powders. The total cumulated heat in case of complex binder systems can be experimentally determined by means of hydration tests. In order to make clear that in this case not the theoretical total heat of hydration Q tot after full hydration is considered, but rather the measured cumulated heat of hydration Q max at the end of the hydration test, the term degree of reaction r is sometimes used instead of degree of hydration, as shown in Equation (3):
The degree of hydration is a more fundamental parameter than the degree of reaction, which is an experimental approximation which does not correspond to full hydration. In this paper, the term degree of hydration will be further considered as well. However, the reader will understand that in case of complex binders for which no theoretical estimation of the total heat of hydration is available, a practical approximation through the degree of reaction could be needed.
It is further remarked that the degree of hydration of a blended cement is considered here as an overall degree of hydration. The degree of hydration of the individual powders (Portland, slag, fly ash, etc.) could be considered individually, as could be done also in Portland cement for the individual minerals (alite, belite, etc.). However, this level of detail is not needed when linking the overall state of the reaction process to the macroscopic engineering properties of the concrete. Previously, based on fundamental physical observations, a degree of hydration-based Kelvin chain ( Figure 1 ) has been defined for hardening concrete, for the simulation of instantaneous deformation and basic creep. [4] The Kelvin chain model, with properties depending on degree of hydration, was experimentally validated for constant and varying stress conditions, and a good accuracy was reported. [4] In an even more fundamental approach, the study of the effect of ongoing hydration as well as microcracking on the basic creep of hardening concrete has been entirely based on the degree of hydration. Following this approach, time is no longer an explicit model parameter, its role being taken over by the degree of hydration. The translation of the results into a real time frame is obtained through the link between degree of hydration and time. For basic creep under constant stresses, the non-linear model is given in Equations (4) and (5). [5] e cc ðr;
In Equations (4) and (5), ε cc is the basic creep strain, ε c0 the instantaneous deformation due to the stress level a b at loading, r the degree of hydration, r b the degree of hydration at loading, φ c the creep coefficient, and c 1 and c 2 are the constants depending on r b . In Equation (4), the non-linearity of the basic creep strain is perfectly correlated with the non-linearity of the instantaneous deformation at loading, showing the crucial role of microcracking for the timedependent mechanical behavior of earlyage concrete.
Other degree of hydration-based simulation models for the basic creep of early-age concrete have also been developed, while still considering time as an explicit parameter. According to Guenot et al. [13] , the specific basic creep can be obtained with Equation (6):
In this equation, r b is again the degree of hydration at the time of loading Figure 1 . Degree of hydration based Kelvin chain for early age concrete. [4] Journal of Sustainable Cement-Based Materials 3 t b , a b is the stress level, and b is an exponent. The parameter μ 1 depends on the degree of hydration r b at the moment of loading t b , while the parameter μ 0 also depends on the stress level ab at the moment of loading. The creep development is thus both influenced by r b and by the stress level a b . These parametric functions μ 0 and μ 1 are cement type dependent, [3] and can thus be different for different blended binder systems.
Fictitious degree of hydration method
Based on Equations (4) and (5), and inspired by the equivalent time method, [14] a new method for the situation of varying stresses was developed, called the fictitious degree of hydration method. [5] During loading, as long as the stress σ(t b ) applied at the degree of hydration r b remains constant, the basic creep evolution can be estimated following the creep curves given in Equations (4) and (5). Now consider the situation that at a certain degree of hydration r, when the basic creep reached the value ε cc (r), the stress is changed to a new value as shown in Figure 2 . In the fictitious degree of hydration method, it is assumed that the further basic creep development can be estimated by means of the creep curve determined by a new value for the degree of hydration at loading r bf obtained by Equation (7):
with:
in which f c (r bf ) is the concrete strength at degree of hydration r bf . In case of (partial) unloading, the recovery creep can be obtained by combining the superposition principle and the fictitious degree of hydration method, as illustrated in the right part of Figure 2 . Assume that at a certain degree of hydration r 2 , when the basic creep reached the value ε cc (r), the stress is changed from σ(r 1 ) to a lower value σ(r 2 ). It is assumed that a tensile force, which is equal to σ(r 1 )-σ(r 2 ), is added on the specimen and the total creep is obtained by superposition of the compressive creep, obtained by the fictitious degree of hydration method, and the tensile creep. In case further unloading steps are considered, the creep recovery part can also be calculated following the fictitious degree of hydration method, applied to the tensile creep part. A more detailed background and explanation of the fictitious degree of hydration method can be found in literature. [5] Blended binders
While decades ago mainly Portland cement and blast furnace slag cement were applied in daily concrete practice, the situation now has significantly changed. Because of several reasons, binder systems are becoming more and more complex, consisting of a combination of different powders in combination with Portland clinker. One reason for the increased application of different powders is the development of SCC. [15] In several parts of the world, e.g. Europe, the stability of the SCC mix is typically obtained by the application of a high powder content, resulting in the so-called powder-type SCC. In order to avoid problems with increased heat of hydration and increased shrinkage, the high powder contents are obtained by combining cement with other powders like e.g. limestone filler. It has been previously concluded that the addition of mainly inert limestone filler can influence the hydration process and microstructure development of the cementitious materials. [10] [11] [12] Due to the high specific surface and the nature of the limestone filler, the hydration of the Portland clinker is accelerated due to 4 G. De Schutter et al.
improved nucleation. Furthermore, the interaction of the limestone filler with the aluminate phase in the Portland clinker is leading to a modified reaction scheme, inducing the formation of monocarbonate which in case of limestone filler addition is more stable than monosulfate. Another reason for the increased application of blended binder systems is the search for more sustainable concrete solutions, with reduced carbon dioxide footprint. The production of Portland clinker is inducing the production of almost equal masses of carbon dioxide (typically 0.8 kg of CO 2 per kg Portland clinker). In order to reduce the carbon footprint of concrete, due attention is given to the replacement of Portland clinker by alternative materials, in many cases waste materials like fly ash, rice husk ash, municipal waste ash, etc. The hydration process of these kind of blended systems is also investigated in detail, and many reports can be found in literature, e.g. [16, 17] .
Based on the increasing insight of the effect of different powders on the hydration process and microstructure development, new developments can be expected in near future, relying on so-called synergetic effects between different powders [18] . A promising new approach seems to combine a minimum amount of Portland clinker with limestone filler and a third (possibly puzzolanic) powder containing aluminate phases. Different synergetic effects occur in this kind of system. The limestone filler is accelerating the Portland reaction due to improved nucleation, the Portland reaction is initiating the puzzolanic reaction, and the limestone filler is interacting with the aluminate phase of Portland clinker and third puzzolanic powder. Other combinations of powders of course are possible, even leading to binders with more than three different powders.
In the sequel of this paper, some basic creep studies on a ternary blended cement in laboratory conditions will be Journal of Sustainable Cement-Based Materials 5 summarized, and the applicability of the degree of hydration concept will be illustrated. Furthermore, the application of this concept in case of some important large-scale structures in China will be illustrated.
Basic creep studies on ternary blends
An experimental program has been set up in order to examine the applicability of the fictitious degree of hydration method for the modeling of early-age basic creep and creep recovery behavior of concrete based on a ternary blend consisting of ordinary Portland cement, blast furnace slag, and fly ash. An overview of the concrete composition is given in Table 1 . An ordinary Portland cement of strength class 42.5 MPa was used in combination with blast furnace slag and fly ash. The creep test apparatus principally consists of a self-balanced frame, which can apply constant compressive force for a certain duration. The concrete specimen is placed between the two plates of the frame. Load is applied to the top plate of the frame by increasing jack pressure with a pump. Once the desired loading level is obtained, the pump is disconnected and the constant pressure on the specimen will be maintained by the springs below the bottom plate of the frame. Overviews of the measuring device and of the shrinkage specimens are given in Figure 3 Readings of the applied force on the creep specimen are taken with a portable force transducer. Two gages of LVDT are placed on opposite surfaces to measure the displacement of specimens under creep load with time. The scale distance is 300 mm in the middle part of the specimen. All the sensors are connected to a computer system for data acquisition.
Concrete specimens used for the creep tests are prisms 100 Â 100 Â 515 mm 3 . All specimens were cast and stored in a curing chamber at 20 ± 2°C and >90% R.H. for one day. Afterwards, they were removed from their molds and sealed by means of self-adhesive aluminum sheets in order to prevent moisture exchange with the environment. After being equipped with the measuring devices, the specimen is placed in the creep apparatus immediately, in controlled atmosphere at 20 ± 2°C and 60 ± 5% R.H. In order to study the basic creep behavior at early age, creep tests are carried out for a loading age varying from 1 day to 14 days. The detailed loading program is explained in the following section. At all ages, the basic shrinkage of the concrete specimens has been measured on sealed companion specimens. These shrinkage results on the one hand served as reference information obtained on unloaded specimens, in order to exclude shrinkage deformation from the resulting creep deformation on the loaded specimens. On the other hand, the obtained basic shrinkage information was further applied as input in the modeling of the structural applications.
A series of concrete compressive basic creep tests were conducted at different ages of loading at early age under constant stress level and varying stress level. The stress/strength ratio was reduced from 40 to 20% when partial unloading was considered, in order to study creep recovery.
(1) Experiment 1: Creep under Constant Stress A stepwise increasing stress is considered in the first load program, whereas some stress decreases are included in the second to fourth load program. The first case of loading is as follows: the specimen is loaded at the age of 1d, and the stress/ strength ratio at that time is 40%. The load will be increased accordingly at the ages of 2, 3, 7, and 14d to keep the stress/strength ratio 40%. Different loading and unloading time are considered in the second, third, and fourth case. The loading programs can be found in Figure 4 .
The experimental results of the laboratory creep tests and the simulation results by means of the degree of hydration-based model, including the basic creep strain combined with the instantaneous strain, are shown in Figures 5-8 .
Based on the experimental results, it can be concluded that the fictitious degree of hydration method for creep and creep recovery modeling can be applied to ternary blends, even simplifying the hydration process to one general hydration reaction, considering only a single degree of hydration. The model illustrates the fundamental influence of the hydration process on the early-age basic creep and creep recovery behavior, even in the case of complex ternary blends.
Structural applications
The degree of hydration-based creep model has been applied to real structures, including high-rise buildings for the prediction of the vertical deformation, and massive concrete structures for the estimation of tensile stresses at early age. Two representative cases are briefly illustrated hereafter, one is the Shanghai World Financial Center tower (492 m, Shanghai, 2008) and the other one is the precast segments of the Hong Kong -MacauZhuhai tunnel (under construction).
Shanghai World Financial Center (SWFC) is a super tall skyscraper, one of the highest in mainland China, with a height of 492 meters (Figure 9 ). The main building contains 101 floors above ground, and three floors underground. 
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The vertical and especially the differential deformations of concrete core and concrete mega columns are very important for the construction and for the service performance of the super high-rise building. [19] Embedded vibrating wire strain gages EM-5 have been used to monitor the vertical deformation. Monitoring sections have been installed at the 6th, 18th, 30th, and 42nd floor in the mega-structure column and at the 12th, 27th, 42nd, and 60th floor in the reinforced concrete core. The monitoring results of both the 12th floor of the concrete core and the sixth floor of the mega-structure column are shown in Figure 10 as an illustration. The simulated deformations, obtained with the The accurate description of creep behavior is quite important for the calculation of performance of early-age concrete and the control of early-age cracking. [20] The constitutive model for early-age concrete is used for the numerical calculation in which the previously described creep model is included. To get insight in the early-age behavior of the tested segment, a numerical model was employed to reproduce the whole experimental period. At the same time, measurements have been performed on real tunnel segments (Figure 12 ).
The comparison between the calculated values and the monitored strain data is carried out hereafter. Three typical locations are selected, which include the inner face of the top slab, the center of an external side wall, and the center of the base slab. The strains in both base slab and top slab are horizontal in direction along the transversal direction of the segment, while the strain in the side wall is also horizontal however in longitudinal direction of the tunnel segment. The detailed position of each point is shown in Figure 12 . Three locations from the tested tube are selected to compare the strain development between the monitoring data and the simulated strain values, as shown in Figures 13-15 . The duration from casting to 14th day is shown as the horizontal ordinate. A 5% error bar on the monitored data is also shown in the figures.
A good agreement between monitored strain values and simulation results is noticed. This is also true for the value and timing of the strain peak. The R 2 values of the center of base slab and external wall are 0.987 and 0.933, respectively. However, at the center of the top slab, a slightly lower R 2 value is obtained, equal to 0.839. Nevertheless, the validity of the numerical model is still nicely illustrated by the comparison of the calculated values with the monitoring results. Similar findings are noticed when checking the simulated and monitored stress fields; however this is not shown in this paper.
Discussion
The hydration process and microstructure development of blended systems, containing three or more different powders, are very complex, and involve a multitude of aspects: chemical aspects, physical aspects, dilution effect, and filling or compaction effect. For the purpose of predicting early-age mechanical properties in a practical way, it is not realistic to properly consider all these effects in detail. The previously developed fictitious degree of hydration-based general hydration model [1] considered the twofold character of binary systems consisting of Portland cement and Blast furnace slag, considering the individual degrees of hydration of slag and Portland cement. This approach can also be applied for other binary systems, e.g. consisting of Portland cement and fly ash. Considering different sub-reactions in the system, linked to the different clicker minerals present in the blend, a more detailed approach can even be followed. [21] This kind of detailed fundamental modeling, however, is too complicated in case of practical early-age creep studies.
A more simplified approach, only considering one degree of hydration linked to the overall hydration process of the entire (ternary) blend, is followed in this research. Even while simplifying the hydration process in a significant way, neglecting the individual hydration reactions of the different powder materials, a good prediction of deformation and stresses in early-age concrete elements can be obtained. In this way, the fundamental degree of hydration-based models for the description of mechanical properties during hardening, including basic creep behavior, can be successfully applied to real structures made with complex binder blends.
Conclusions
An overview is given of the degree of hydration concept for the description of mechanical properties of hardening concrete. The application of the degree of hydration concept to complex binders, consisting of three or more different powders, is verified with laboratory test. The experimentally obtained results show that the followed approach, based on one degree of hydration describing the overall hydration process, is leading to acceptable results. The fictitious degree of hydration model for creep and creep recovery can be applied to complex binder systems by simplifying the hydration process to one general hydration reaction. The model has been successfully applied to some important concrete structures as illustrated in the paper.
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